1. Introduction {#sec1}
===============

Hantaviruses cause two severe forms of human disease that are often lethal: hemorrhagic fever with renal syndrome (HFRS) and hantavirus cardiopulmonary syndrome (HCPS). The more severe forms of HFRS are caused by Hantaan virus (HTNV) in Asia and Dobrava virus (DOBV) in Europe, with reported mortalities of 5--12%, while Seoul virus (SEOV) is reported to cause an intermediate form, predominantly occurring in Asia and with a mortality of around 1% [@bib1]. Puumala virus (PUUV) causes a milder form of HFRS in Europe, with less than 0.2% mortality [@bib2]. Sin Nombre virus (SNV), Andes virus (ANDV), and related viruses cause HCPS in the Americas; these infections are associated with a mortality rate of around 40% [@bib2], [@bib3]. Other hantaviruses, like Tula virus (TULV), circulating in large areas of Europe, and Topografov virus (TOPV), have never been clearly associated with human disease.

Saaremaa virus (SAAV) is genetically very closely related to DOBV [@bib4], and both exist in Europe, where DOBV is carried by *Apodemus flavicollis* [@bib5], and SAAV by *Apodemus podemus agrarius* [@bib6]. Interestingly, there seem to be clear differences in terms of pathogenicity for humans after DOBV and SAAV infections. The most severe HFRS cases, with high fatality rates, have been reported from the Balkans, where DOBV is dominant [@bib7], [@bib8], [@bib9]. In contrast, in parts of Europe where SAAV dominates, no fatalities associated with DOBV-like viruses have been registered [@bib2], [@bib10], [@bib11], [@bib12], [@bib13]. One prominent example is the large DOBV-like associated outbreak in central Russia in 1991--1992, when 130 HFRS patients were hospitalised, but no fatal cases occurred [@bib10]. Taken together, those reports suggest that SAAV induces a disease more similar to PUUV than to DOBV infection [@bib2].

Today, little is known regarding the mechanisms behind hantavirus pathogenesis, but immune mechanisms have been suggested to be involved in HFRS and HCPS pathogenesis [@bib14]. Hantavirus infection per se does not directly damage endothelial cells in vitro [@bib15], and specific immune responses are present at the onset of the symptomatic phase of the disease. In SNV-infected patients there is a correlation between a high frequency of SNV-specific cytotoxic T lymphocytes and severe disease, and these cytotoxic T lymphocytes are suggested to contribute to the disease [@bib16]. Furthermore, histological studies of postmortem tissues show blood mononuclear cell infiltration that might play a role in functional organ failure [@bib17], [@bib18], [@bib19]. Elevated levels of cytokines like IL-6, IL-10 and TNF-α have been reported, and elevated production of the free radical nitric oxide (NO) has been detected in hantavirus infected patients [@bib20], [@bib21], [@bib22], as well as in monkeys infected with PUUV [@bib23], indicating that it may contribute to hantavirus pathogenesis [@bib22]. SNV infection of deer mice, the natural host, does not induce elevated NO production [@bib22]. NO is known to contribute to the pathogenesis of certain virus infections in mice, like influenza virus [@bib24] and neurotropic viruses [@bib25], but NO is also known to have antiviral effects against some viruses, including ectromelia virus (mousepox), coxsackievirus, herpesviruses and SARS coronavirus [@bib26], [@bib27].

Recently, we showed that adult laboratory mice could be infected with SAAV and DOBV, however, without causing lethality or any apparent symptoms within 21 days of infection [@bib28], [@bib29]. Feral mice are not a natural reservoir for any known hantavirus, but infection of laboratory mice has been described in several studies. HTNV and SEOV infections of suckling mice have been reported to be lethal, although without reflecting the symptoms seen in humans [@bib30], [@bib31], while infections of adult mice with HTNV, ANDV and SNV are transient and asymptomatic [@bib32], [@bib33], [@bib34], although a recent report showed that HTNV given via the intraperitoneal route can be lethal also for adult mice [@bib35].

In this study we compared the infectibility, lethality and antibody responses of DOBV and SAAV and other hantaviruses in suckling and adult mice, and in adult inducible NO synthase (iNOS) knock-out mice. We also measured the level of replicating viruses, and the levels of the stable end products of NO, nitrite and nitrate, during infection.

2. Materials and methods {#sec2}
========================

2.1. Mice {#sec2.1}
---------

One- to five-day-old suckling NMRI mice, and 6- to 8-week-old adult NMRI, BALB/c, C57/BL6 and C57/BL6 iNOS−/− mice, generated by homologous recombination in embryonal stem cells and then backcrossed to C57BL/6 mice [@bib36], were purchased from BHK, Stockholm, Sweden and/or MTC, Breeding unit, Karolinska Institutet, Stockholm, Sweden. Suckling mice were inoculated intracerebrally with 20 μl, and adult mice subcutaneously, intravenously and/or intraperitoneally with 100 μl/route diluted or undiluted virus as indicated in the text. Infected and non-infected control mice were kept in biological safety isolators.

Serum was stored at −20 °C until further use. Lungs, hearts and brains were removed aseptically; lungs and brains were minced in PBS, and stored at −70 °C until further use. Hearts were stored at −70 °C with PBS for 24 h, after thawing the supernatant was transferred to a new tube and used for detection of hantavirus specific antibodies. The care of all animals used in the present study was in compliance with the relevant guidelines and requirements of the Swedish Institute for Infectious Disease Control, Stockholm, Sweden.

2.2. Viruses {#sec2.2}
------------

The hantaviruses used in this study were Vero E6 cell line adapted HTNV, strain 76--118 [@bib37], DOBV, strain Slovenia [@bib5], SAAV [@bib6], TULV, strain Moravia/Ma5302V/94 [@bib38], TOPV, strain TOP/Ls136V5/94 [@bib39] and various PUUV strains as follows: PUUV Kazan-E6 [@bib40], passage 6 (p6), PUUV Sot, strain Sotkamo [@bib41], PUUV esc-5A2 (PUUV; strain Sotkamo, monoclonal antibody 5A2 escape mutant [@bib42]) and PUUV Kazan-wt, strain Kazan wild-type, never passaged in cell culture [@bib40]. Propagation and titration of the cell line adapted virus stocks were performed on Vero E6 cells (VERO C1008; American Type Culture Collection), as described earlier [@bib43]. PUUV Kazan-wt was propagated in bank voles as described earlier [@bib40].

2.3. Antibody assays {#sec2.3}
--------------------

ELISAs for the determination of DOBV and PUUV nucleocapsid protein (N)-specific IgG were performed essentially as described earlier [@bib29]. ELISA for the detection of DOBV or SAAV specific antibodies in suckling mice was performed on supernatants from hearts mixed with PBS. N-specific IgG subclass ELISAs were performed on pooled sera from groups of infected animals. Briefly, 1 μg/ml of recombinant DOBV or PUUV N [@bib44] was coated on 96 well plates. After washing and blocking, sera as well as negative and positive controls, were three-fold diluted starting from 1:10 (for total IgG in suckling mice), four-fold diluted starting from 1:200 (for total IgG in adult mice), or two- or three-fold diluted starting from 1:100 (for IgG subclasses in adult mice), and added to the wells in duplicate. After washing, alkaline phosphatase (ALP)-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch) or goat anti-mouse IgG1, IgG2a, IgG2b or IgG3 (Sigma) followed by ALP-conjugated rabbit anti-goat IgG (Sigma) was added. P-nitrophenyl phosphate substrate (Sigma) was added after washing, and the optical densities at 405 nm (OD~405~) were determined. Focus reduction neutralization test (FRNT) was performed as described previously [@bib40].

2.4. Detection and titration of hantavirus from brains {#sec2.4}
------------------------------------------------------

Minced brain in PBS (total volume 1 ml) was diluted ten-fold in HBSS supplemented with penicillin, streptomycin, 2% Hepes pH 7.0 and 2% FCS and added to confluent Vero E6 cells in 24 well plates. After 1 h of incubation, cells were overlaid with 0.5% agar-medium [@bib45] and incubated for 10 days. Foci of infected cells were visualized and counted using polyclonal rabbit anti-DOBV, or anti-SAAV, sera followed by horseradish peroxidase-conjugated goat anti-rabbit IgG and 3,3′,5,5′-tetramethylbenzidin.

2.5. Viral RNA assay {#sec2.5}
--------------------

Reverse transcription polymerase chain reaction (RT-PCR) and nested PCR of nt 389--741 of DOBV/SAAV S segment were performed essentially as described earlier [@bib46] on experimentally infected animals. RNA was extracted using TriPure as described by the manufacturer (Roche Diagnostics). RT-PCR of the DOBV/SAAV S segment was performed with external primers: 5′ GGGAAAAACATGGGCAAGAAG 3′ (DOBS 256F) and 5′ AGGTAGGAGGRCAYCTATCAGG 3′ (DOBS 997R), followed by a nested PCR with primers 5′ CTGCAGACTGGCTGGCTAAGCATTGTGA 3′ (DOBS 389F) and 5′ CAAGCCATTCTTCAACCCTTCTG 3′ (DOBS 741L).

2.6. Nitric oxide assay {#sec2.6}
-----------------------

The production of NO in the brains of suckling mice, and in sera from adult mice, was assessed as the accumulation of nitrate and nitrite, stable end products of NO. Aliquots of brain/PBS suspension were centrifuged and the supernatants were boiled for 15 min to inactivate virus and denature protein. After centrifugation the amount of nitrite was measured for each sample after reduction of nitrate to nitrite using the total nitric oxide colorimetric assay (R&D systems), according to the manufacturer\'s instructions.

3. Results {#sec3}
==========

3.1. Intracerebral inoculation of suckling mice with DOBV, but not SAAV, is lethal {#sec3.1}
----------------------------------------------------------------------------------

To investigate if DOBV and/or SAAV were lethal for suckling mice, we inoculated groups of seven to eight suckling NMRI mice with 50, 500 or 5000 focus-forming units (FFU) of each virus. Of the mice inoculated with DOBV, one out of eight, two out of eight, and seven out of eight receiving 50, 500 or 5000 FFU, respectively, died. Time to death after DOBV inoculation correlated with the amount of virus given: of the mice that died, all mice in the group receiving 5000 FFU died within 18--20 days after infection, while those receiving 500 FFU died 20 days after infection and the one receiving 50 FFU died 26 days after infection ( [Table 1](#tbl1){ref-type="table"}). The mice that died showed ruffled fur, paralysis of the limbs, and progressively diminishing mobility, as described earlier for HTNV-infected suckling mice [@bib47].Table 1DOBV in suckling miceIDInoculated withOutcomeDetection of virus/RNA in brain[a](#tblfn1){ref-type="table-fn"}Antibody titerIgG[b](#tblfn2){ref-type="table-fn"}Neut.[c](#tblfn3){ref-type="table-fn"}1:1Inactivated[d](#tblfn4){ref-type="table-fn"}S−−−1:2InactivatedS−−−1:3InactivatedS−−−1:4InactivatedS−−−1:5InactivatedS−−−1:6InactivatedS−−−1:7InactivatedS−−−1:8InactivatedS−−−  3:15000 FFU† (d. 18)[e](#tblfn5){ref-type="table-fn"}+ (1 × 10^6^)−803:25000 FFU† (d. 18)+ (3 × 10^6^)−203:35000 FFU† (d. 18)+ (3 × 10^6^)−203:45000 FFU† (d. 18)+ (1.5 × 10^6^)−−3:55000 FFUS− (+ in PCR)810803:65000 FFU† (d. 18)+ (5 × 10^6^)−403:75000 FFU† (d. 18)+ (2 × 10^6^)−−3:85000 FFU† (d. 20)+ (1 × 10^6^)−20  4:1500 FFUS−−−4:2500 FFUS−−−4:3500 FFUS− (+ in PCR)270404:4500 FFUS−−−4:5500 FFUS− (+ in PCR)810804:6500 FFUS−−−4:7500 FFU† (d. 20)+ (2.5 × 10^6^)−404:8500 FFU† (d. 20)+ (3 × 10^6^)−40  5:150 FFUS−−−5:250 FFUS−−−5:350 FFUS− (+ in PCR)810805:450 FFUS−−−5:550 FFUS− (+ in PCR)810405:650 FFUS−270−5:750 FFUS− (+ in PCR)8101605:850 FFU† (d. 26)− (+ in PCR)9040[^1][^2][^3][^4][^5][^6]

All SAAV inoculated, as well as all mice receiving heat-inactivated DOBV or SAAV (corresponding to 5000 FFU), survived until the end of the experiment at day 34 after infection. None of the surviving mice, including those that survived DOBV infection, showed any symptoms during the experiment.

3.2. Seroconversion in DOBV and SAAV-infected suckling mice {#sec3.2}
-----------------------------------------------------------

We then tested for the presence of anti-N IgG and neutralizing antibodies in all inoculated mice. All mice that died following DOBV inoculation, except the one that died 26 days after infection, were negative for N-specific IgG, as were half of the mice that survived DOBV inoculation and all mice receiving heat-inactivated DOBV ([Table 1](#tbl1){ref-type="table"}). Half of the mice that survived DOBV inoculation were found to be IgG-positive ([Table 1](#tbl1){ref-type="table"}). As most mice that died following DOBV inoculation were negative for DOBV specific anti-N IgG, we then tested if the DOBV-inoculated mice had seroconverted at all by FRNT, since this method can detect neutralizing antibodies of all antibody classes. Eight out of the total 10 mice that died after DOBV inoculation and five out of six of the DOBV-inoculated mice that were found to be IgG-positive, but none that were IgG-negative and survived, developed neutralizing antibodies ([Table 1](#tbl1){ref-type="table"}). Thus, most of the mice that died following DOBV inoculation had developed specific antibody responses against the envelope proteins of DOBV, but not detectable levels of IgG against the N protein.

All mice inoculated with 50, 500 or 5000 FFU of SAAV, but none of the mice inoculated with heat-inactivated SAAV, developed anti-N IgG antibodies within 34 days after infection ( [Table 2](#tbl2){ref-type="table"}). FRNT showed that most of the SAAV inoculated mice were also positive for neutralizing antibodies ([Table 2](#tbl2){ref-type="table"}).Table 2SAAV in suckling miceIDInoculated withOutcomeIsolation of replicating virus[a](#tblfn6){ref-type="table-fn"}Antibody titerIgG[b](#tblfn7){ref-type="table-fn"}Neut.[c](#tblfn8){ref-type="table-fn"}2:1Inactivated[d](#tblfn9){ref-type="table-fn"}SND−−2:2InactivatedSND−−2:3InactivatedSND−−2:4InactivatedSND−−2:5InactivatedSND−−2:6InactivatedSND−−2:7InactivatedSND−−2:8InactivatedSND−−6:15000 FFUS+ (1 × 10^3^)2430806:25000 FFUS+ (1 × 10^3^)270406:35000 FFUS−810−6:45000 FFUS−810206:55000 FFUS− (+ in PCR)270406:65000 FFUS− (+ in PCR)90406:75000 FFUS+ (0.5 × 10^3^)90406:85000 FFUS− (+ in PCR)270−7:1500 FFUS− (+ in PCR)810407:2500 FFUS− (+ in PCR)810407:3500 FFUS− (+ in PCR)810407:4500 FFUS− (+ in PCR)270−7:5500 FFUS− (+ in PCR)810807:6500 FFUS+ (5 × 10^3^)810407:7500 FFUS+ (0.5 × 10^3^)270207:8500 FFUS−810208:150 FFUS+ (1 × 10^3^)8101608:250 FFUS−270208:350 FFUS− (+ in PCR)810−8:450 FFUS−270408:550 FFUS−270808:650 FFUS−90−8:750 FFUS−270−[^7][^8][^9][^10][^11]

3.3. High levels of replicating virus in brains of lethally infected suckling mice {#sec3.3}
----------------------------------------------------------------------------------

Next, we tested for replicating virus in the brains of the inoculated mice. High titers of replicating virus (1 × 10^6^--5 × 10^6^  FFU/brain) were detected in all but one of the mice that died following DOBV inoculation, but in none of the DOBV-inoculated mice that were sacrificed at day 34 after inoculation ([Table 1](#tbl1){ref-type="table"}). Replicating SAAV, titers ranging from 0.5 × 10^3^ to 5 × 10^3^  FFU/brain ([Table 2](#tbl2){ref-type="table"}), could be detected in one out of seven, two out of eight and three out of eight mice given 50, 500, and 5000 FFU of SAAV, respectively, in mice sacrificed at day 34 after inoculation.

To test if higher titers of SAAV would be detected at an earlier time point after infection than 34 days, one group of suckling mice was inoculated with 5000 FFU of SAAV and sacrificed at day 18 after inoculation; the time point of sacrifice was chosen because this was the day when the highest titers were observed in the DOBV lethally infected mice. No symptoms were observed, and all mice were positive for replicating viruses, showing that they were successfully infected, with titers ranging from 1.5 × 10^3^ to 5 × 10^5^  FFU/brain ( [Table 3](#tbl3){ref-type="table"}). The results thus showed that the viral titers were at least 50% lower at day 18 after SAAV infection as compared to the titers in the DOBV-infected mice that died between days 18 and 20 after infection.Table 3Virus titers in suckling mice infected with 5000 FFU SAAV and sacrificed at day 18 after infectionIDIsolation of replicating virus[a](#tblfn10){ref-type="table-fn"}9:1+ (5 × 10^4^)9:2+ (5 × 10^5^)9:3+ (2.5 × 10^4^)9:4+ (1.5 × 10^5^)9:5+ (1.5 × 10^3^)9:6+ (1.5 × 10^5^)9:7+ (2.5 × 10^4^)9:8+ (5 × 10^4^)[^12]

To test if viral RNA could be detected in the mice that were negative for replicating virus we performed RT-PCR on the brains. All, except one, DOBV-infected mice that seroconverted, but were negative for replicating DOBV, were found to be positive in RT-PCR for DOBV S ([Table 1](#tbl1){ref-type="table"}). In the SAAV-infected mice half that were negative for replicating virus were found to be positive for viral RNA in PCR ([Table 2](#tbl2){ref-type="table"}).

3.4. Detection of elevated levels of NO in lethally infected suckling mice {#sec3.4}
--------------------------------------------------------------------------

The differences in the levels of replicating virus early after infection might explain, at least partly, why DOBV, but not SAAV, is lethal to suckling mice. Another possible mediator of the pathogenesis could be NO, earlier shown to be involved in the pathogenesis of neurotropic viruses in mice [@bib25]. We indirectly measured the levels of NO in the brains of the suckling mice by measuring the level of nitrite, after conversion of nitrate to nitrite. In this experiment, we also included a group of suckling mice inoculated with inactivated DOBV (corresponding to 5000 FFU) that was sacrificed at day 18 after inoculation, as control. Similar mean values of nitrite were detected in all groups, except in the group of suckling mice that died following DOBV infection ( [Table 4](#tbl4){ref-type="table"}). Significant differences between the mean levels of NO in the groups were found (Kruskal--Wallis test, *P*  = 0.014). High levels of nitrite were only detected in the DOBV-infected mice that died following infection with 5000 FFU of DOBV, but not in those that died after infection with 50 or 500 FFU of DOBV ( [Fig. 1](#fig1){ref-type="fig"}), suggesting that the NO production was dose-dependent, or that the levels in the other lethally infected mice had returned to normal before they died.Table 4Levels of nitrite in brains from suckling mice after DOBV and SAAV infectionInoculated with*n*OutcomeNitrite, μM (mean ± sd)DOBV10† (d. 18--26)[a](#tblfn11){ref-type="table-fn"}31.52 ± 17.017S, infected[b](#tblfn12){ref-type="table-fn"}18.26 ± 9.057S, uninfected[b](#tblfn12){ref-type="table-fn"}18.02 ± 3.18  Inactivated DOBV8S[b](#tblfn12){ref-type="table-fn"}17.52 ± 6.808S[c](#tblfn13){ref-type="table-fn"}14.15 ± 0.63  SAAV23S, infected[b](#tblfn12){ref-type="table-fn"}16.37 ± 2.348S, infected[c](#tblfn13){ref-type="table-fn"}16.00 ± 1.10  Inactivated SAAV8S[b](#tblfn12){ref-type="table-fn"}15.08 ± 2.62  Control, no virus6S[b](#tblfn12){ref-type="table-fn"}15.15 ± 0.86[^13][^14][^15][^16]Fig. 1Levels of nitrite in brains from DOBV lethally infected suckling mice. Data shown are the level of nitrite detected in brain at the time of death.

3.5. DOBV, HTNV and SEOV, but not hantaviruses causing milder or no disease, are lethal for suckling mice {#sec3.5}
---------------------------------------------------------------------------------------------------------

Since SAAV seems to cause a milder form of disease in humans compared to DOBV, we decided to test the lethality in suckling NMRI mice also for PUUV, TOPV and TULV, as those hantaviruses are believed to cause a mild form of HFRS, or even asymptomatic infections, in man [@bib2]. All mice inoculated with 8000 FFU of DOBV died ( [Fig. 2](#fig2){ref-type="fig"}). To evaluate if a higher dose of SAAV would be lethal, undiluted SAAV (corresponding to 10,000 FFU) was inoculated into eight mice; however, none of the mice died or showed any symptoms ([Fig. 2](#fig2){ref-type="fig"}), clearly showing that SAAV was not lethal for suckling mice. PUUV esc-5A2 (20,000 FFU) and PUUV Kazan-wt (200 bank vole ID~50~) were inoculated into eight mice per group, and five mice were inoculated with PUUV Sot (5000 FFU). None of the mice inoculated with PUUV died, or showed any symptoms within 23--25 days after inoculation ([Fig. 2](#fig2){ref-type="fig"}). The same pattern was seen for TOPV and TULV: of eight mice inoculated with undiluted TOPV (900 FFU) or TULV (1,800 FFU) none died or showed any symptoms within 23 and 36 days after inoculation, respectively ([Fig. 2](#fig2){ref-type="fig"}). Infection of suckling mice with HTNV (100 FFU) was lethal for all eight inoculated mice ([Fig. 2](#fig2){ref-type="fig"}); all died within 15 days after infection. Infection with SEOV (18,000 FFU) was lethal for 25% of infected mice (*n*  = 8) within 19 days of infection; the surviving mice showed no symptoms for the 29-day-long experiment ([Fig. 2](#fig2){ref-type="fig"}).Fig. 2PUUV, SAAV, TOPV and TULV are not lethal for suckling mice. Survival was measured in suckling mice after intracerebral inoculation with 8000 FFU of DOBV (*n* = 16), 100 FFU of HTNV (*n* = 8), 18,000 FFU of SEOV (*n* = 8), 200 bank vole ID~50~ of PUUV Kazan-wt (*n* = 8), 5000 FFU of PUUV Sotkamo (*n* = 5), 20,000 FFU of PUUV esc-5A2 (*n* = 8), 10,000 FFU of SAAV (*n* = 8), 900 FFU of TOPV (*n* = 8) or 1800 FFU of TULV (*n* = 8).

3.6. Infection of adult NMRI mice with DOBV, SAAV, HTNV and PUUV {#sec3.6}
----------------------------------------------------------------

As most studies concerning hantavirus lethality in adult mice have been performed for short periods of time, we wanted to study if infection of adult mice with DOBV, SAAV, or HTNV for a longer time than 21 days would induce symptoms and/or lethality. We also included PUUV in this experiment, as this virus, to our knowledge, never before has been shown to be able to infect laboratory mice.

Female adult NMRI (*n*  = 8) mice were intravenously and subcutaneously inoculated with totally 100,000 FFU of SAAV and followed for 49 days; during this time no symptoms were seen in any of the inoculated mice. However, all mice developed neutralizing antibodies (data not shown) and specific IgG responses against N ( [Fig. 3](#fig3){ref-type="fig"}A). IgG subclass ELISAs on pooled sera against viral N showed that all subclasses could be detected ([Fig. 3](#fig3){ref-type="fig"}B). The ratio between IgG2a and IgG1 titers was 2. Viral RNA was not detected by nested RT-PCR of SAAV S segment from lungs, indicating clearance of SAAV in the animals 49 days after infection (data not shown).Fig. 3Total IgG and IgG subclass responses against N in sera from adult NMRI mice 60 days after DOBV, HTNV, PUUV Kazan-wt and PUUV Kazan-E6 p6 inoculation and 49 days after SAAV inoculation. (A) IgG anti-N responses. (B) IgG subclass anti-N responses in pooled sera from four mice inoculated intravenously with PUUV Kazan-wt (1000 bank vole ID~50~), four mice inoculated intravenously with PUUV Kazan-E6 (25,000 FFU), three mice inoculated intravenously with HTNV (90,000 FFU), four mice inoculated intravenously and subcutaneously with DOBV (80,000 FFU), and eight mice inoculated intravenously and subcutaneously with SAAV (100,000 FFU).

Potential symptoms or lethality after infection with DOBV and HTNV, and potential infectivity of Vero E6 cell line adapted and wild-type PUUV was then determined in adult female NMRI mice infected for 60 days.

All eight DOBV-inoculated mice, and seven out of eight HTNV inoculated mice, seroconverted, as did all eight PUUV Kazan-wt inoculated and all four PUUV Kazan-E6 inoculated mice ([Fig. 3](#fig3){ref-type="fig"}A), showing that both wild-type and cell culture adapted PUUV can infect laboratory mice. No symptoms or death due to the infection was recorded for any of the infected animals during the 60-day-long experiment, indicating that none of those hantaviruses are normally pathogenic in adult immunocompetent mice.

All subclasses were also present in the pooled sera from DOBV-infected mice (inoculated intravenously and subcutaneously with totally 80,000 FFU), with IgG2a being the dominant subclass ([Fig. 3](#fig3){ref-type="fig"}B), and an IgG2a/IgG1 ratio of 16. All subclasses were also detected in sera from intravenously HTNV and PUUV infected mice ([Fig. 3](#fig3){ref-type="fig"}B). The IgG2a/IgG1 ratio was 4 for HTNV, 0.25 for wild-type PUUV and 1 for cell line adapted PUUV.

3.7. Infection of adult BALB/c mice with DOBV, SAAV, HTNV and PUUV {#sec3.7}
------------------------------------------------------------------

As intraperitoneal inoculation of BALB/c mice with HTNV was previously shown to be lethal [@bib35], we then tested if DOBV or SAAV would also be lethal for adult mice using this route. However, although all mice infected with DOBV (*n*  = 6, 400,000 FFU/mice), SAAV (*n*  = 6, 400,000 FFU/mice) and HTNV (*n*  = 6, 800,000 FFU/mice) seroconverted (data not shown), no lethality or symptoms were observed during the 43-day-long study. Interestingly, in line with our previous results [@bib28] mice inoculated with PUUV (*n*  = 6, 800,000 FFU/mice) remained sero-negative, showing that they were not infected (data not shown).

As for NMRI mice, we observed a higher mean IgG2a/IgG1 ratio in the DOBV-infected mice as compared to the SAAV-infected ones ( [Fig. 4](#fig4){ref-type="fig"}), indicating that DOBV induce a stronger Th1-type of immune response as compared to SAAV [@bib48], [@bib49], [@bib50].Fig. 4IgG2a/IgG1 ratio in intraperitoneally infected BALB/c mice 43 days after infection. Data shown represent mean ± SD of six mice/group.

3.8. HTNV does not induce systemically elevated levels of NO in C57/BL6 mice {#sec3.8}
----------------------------------------------------------------------------

Adult C57/BL6 mice were infected with 100,000 FFU of HTNV (*n*  = 6), and the nitrate/nitrite concentration was determined in sera obtained before and 7, 14 and 20 days postinfection. No symptoms were observed in any of the mice during the experiment. The levels of nitrate/nitrite in serum during infection did not differ over time ( [Fig. 5](#fig5){ref-type="fig"}), showing that HTNV do not induce systemically detectable elevated levels of NO production in adult mice.Fig. 5HTNV infection of C57/BL6 mice does not induce NO production. The total level of nitrate/nitrite in sera of HTNV-infected mice (*n* = 6) was measured by reduction of nitrate to nitrite and then the amount of nitrite was measured. The data represent mean ± SD.

3.9. HTNV infection of iNOS−/− mice is cleared despite a low neutralizing antibody response {#sec3.9}
-------------------------------------------------------------------------------------------

Since mice clear HTNV within 28 days postinfection [@bib12], we tested if iNOS is involved in viral clearance in mice. Adult C57/BL6 (*n*  = 6) and iNOS−/− (*n*  = 6) mice were intravenously infected with 100,000 FFU of HTNV. No symptoms were evident in any of the mice for the 21-day-long experiment. Replicating virus was not detected in lungs from the infected mutant or control mice. All mice were positive for anti-N IgG at day 21 postinfection (data not shown), showing that they were successfully infected. INOS−/− mice showed an almost ten-fold higher mean anti-N IgG2a/IgG1 ratio compared to C57/BL6 mice ( [Fig. 6](#fig6){ref-type="fig"}a), suggesting a Th1 shift in the absence of the iNOS enzyme, as reported earlier by other investigators [@bib24], [@bib51], [@bib52], [@bib53]. All mice, except two iNOS−/− mice, were positive for neutralizing antibodies against HTNV, and higher mean titers of neutralizing antibodies were detected in C57/BL6 mice as compared to iNOS−/− mice ([Fig. 6](#fig6){ref-type="fig"}b), indicating that some iNOS−/− mice cleared the viremia without the help of neutralizing antibodies. The individual FRNT-titers were 640 for all C57/BL6 mice, as compared to 0 for two, 40 for three, 160 for one, and 640 for one of the iNOS−/− mice.Fig. 6Antibody responses in C57/BL6 and iNOS−/− mice after HTNV infection. (A) IgG subclass specific response against N protein. (B) Neutralizing titers against HTNV. The data represent mean + SD.

4. Discussion {#sec4}
=============

Hantaviruses are predominantly carried by one specific rodent species, and seem to have evolved together with the host [@bib54], where a persistent and subclinical infection is established [@bib55]. Although wild-trapped *Mus musculus* have been reported to be antibody positive against hantaviruses, no specific hantavirus has been proven to use feral mice as its primary host for replication, indicating that infection of feral mice is due to spillover events. Similar to the natural hosts, hantavirus infections of adult mice are normally asymptomatic, but in contrast to the natural host, and similar to findings in man, mice effectively clear the virus infection. It is currently not known why infection of the natural hosts is asymptomatic, or why infection of man results in severe disease, and although immune mediated mechanisms have been suggested to cause the diseases in man [@bib14], this remains to be clearly shown.

This study was undertaken to investigate the potential differences in terms of lethality, viremia, and immune responses in mice after infection with two genetically similar, but distinct, hantaviruses, DOBV and SAAV. Adult laboratory mice have experimentally been infected with ANDV [@bib33], SNV [@bib33], HTNV [@bib32], SEOV [@bib56], SAAV [@bib28], and DOBV [@bib28]. In contrast to the general lack of symptoms and lethality observed in adult mice, inoculation of suckling mice with HTNV and SEOV has been reported to be lethal in several studies [@bib30], [@bib31], [@bib47], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], although no symptoms resembling human infection have been reported. In suckling mice, neuropathological symptoms are prominent, and the disease pathogenesis mechanism has been suggested to be immune mediated [@bib60]. However, in contrast to human patients, no evidence of dysfunction in any other organ, except the brain, has been described for suckling mice, suggesting that failure of other organs is not instrumental in the fatal outcome.

In this study, all but one of the mice that died following DOBV inoculation showed evidence of replicating virus or neutralizing antibodies, and all but one were negative for N-specific IgG responses. This indicates that they died rather early after a specific immune response was mounted. The level of lethality, as well as time to death, correlated with the amount of DOBV given: the more the virus, the higher the degree of lethality. However, although all mice in the group given 5000 FFU of DOBV were infected, the pattern observed for lethality was not observed for infection, as approximately half of the mice in both of the groups given 50 or 500 FFU became infected. For SAAV, all inoculated mice seroconverted, showing that all were infected, and replicating virus or viral RNA could also be detected in most of the mice at the time of sacrifice (day 34 after infection). When suckling mice inoculated with 5000 FFU of SAAV were sacrificed at day 18 after infection, higher virus titers were detected as compared to day 34; however, the titers were at least 50% lower than for the mice inoculated with DOBV that died between days 18 and 20. Thus, it seems that a low dose of SAAV can more readily infect suckling mice than DOBV, while DOBV replicates to higher titers after a successful infection. The data further indicate that some mice were not successfully infected by DOBV, as evident by the lack of replicating virus, viral RNA and specific antibody responses.

NO has been shown to be responsible for the pathogenesis during other viral infections of mice, particularly in those that like hantaviruses cause neuropathology [@bib62]. We therefore measured the level of NO in the brains of SAAV and DOBV-inoculated mice. As NO is very short-lived, we measured the level of the stable end products of NO, nitrite and nitrate (nitrate was converted to nitrite by reductase). Interestingly, only mice that died following DOBV inoculation showed elevated levels of nitrite as compared to all other groups, including mice inoculated with 5000 FFU of SAAV and sacrificed at day 18 after infection. However, the highest level of nitrate was detected in mice given 5000 FFU of DOBV, the three mice that died following infection with 500 or 50 FFU of DOBV showed similar levels of nitrite as controls, suggesting that the peak of NO production occurs before or around day 18, or that NO production was not increased in those mice.

As suckling mice inoculated with SAAV showed no evidence of elevated NO production, but remained positive for replicating viruses at day 34 postinfection, while infection with DOBV could induce NO production and no replicating virus was observed in any of the mice that survived DOBV inoculation, we then tested if NO is involved in hantavirus clearance of adult mice. It was recently shown that SNV infection of the natural host (the deer mice), does not induce elevated levels of NO production [@bib22]. In line with the results of Davis et al. we could not detect systemically elevated NO levels in adult mice asymptomatically infected with HTNV. Furthermore, no replicating virus was detected in iNOS−/− mice 3 weeks after HTNV infection, suggesting that virus clearance in mice is not dependent on NO. Moreover, as elevated levels of NO were only detected in suckling mice that succumbed to DOBV infection, and not in any asymptomatically infected suckling or adult mice, our results are in line with the reports of elevated levels of NO production in HFRS/HCPS-patients [@bib20], [@bib21], [@bib22], indicating that NO may be involved in hantavirus pathogenesis and that the increased NO production is caused by the immune response, and not by the virus per se. However, the possible role of NO in hantavirus pathogenesis in man, and the mechanisms leading to elevated levels of NO, remain to be shown.

Our studies of adult mice showed higher IgG2a/IgG1 ratios for the DOBV-infected mice, as compared to SAAV-infected mice, suggesting that a stronger Th1-response is mounted against DOBV than SAAV. There is an intriguing connection between the Th-type of immune response and iNOS, the enzyme that produces the vast majority of NO during viral infection. During Th1-type immune responses IFN-**γ** is produced, which leads to the induction of iNOS, whereas a Th2-type of immune response down-regulates iNOS induction [@bib62]. If suckling mice also mount a stronger Th1-type of immune response against DOBV than SAAV, this might explain why they showed elevated levels of NO production.

Interestingly, PUUV, TOPV and TULV, known to cause low to no lethality in man, were not lethal for suckling mice. Although additional studies need to be performed before any clear conclusions can be drawn, our, and other\'s, findings that infection of suckling mice with DOBV, HTNV and SEOV are lethal [@bib30], [@bib31], might indicate that there could be a correlation between lethality in suckling mice and the capacity to cause severe HFRS in man for the Eurasian hantaviruses.

To our knowledge, successful infection of laboratory mice with PUUV has not been reported earlier. Both cell line adapted, as well as wild-type, PUUV, induced antibody responses after intravenous inoculation, showing that both could successfully infect mice, although no symptoms or lethality was detected. However, when the intraperitoneal route was used, inoculated mice did not seroconvert. This finding is in line with our previous finding that subcutaneous inoculation of mice with PUUV is not infectious [@bib28].

Neither lethality nor symptoms were observed after inoculation of adult mice with DOBV, SAAV, or HTNV, but strong antibody responses were mounted. HTNV infection of adult laboratory mice has been reported to be transient [@bib34] and the finding that SAAV RNA could not be detected in the adult mice indicates that the infection was cleared within seven weeks. In contrast to our results as well as the results of other investigators [@bib32], [@bib34], [@bib56], [@bib61], Wichmann et al. recently reported that infection of adult laboratory mice with HTNV was lethal [@bib35]. One explanation for this discrepancy might be the point mutations in the virus used by Wichmann et al.; this might explain the lethality observed, as has earlier been shown for HTNV infection of suckling mice [@bib47].

In conclusion, we show that DOBV, but not SAAV, is lethal for suckling mice. The level of replicating virus and/or induction of NO production, probably in combination with the Th-type of immune response mounted, may in part explain why only DOBV is lethal. We believe that future studies addressing the effect of NO on the pathogenesis of hantavirus infections in suckling mice and HFRS/HCPS-patients, and why the NO production is increased in patients, could provide insight into some of the mechanisms behind hantavirus pathogenesis.
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[^1]: S, survived.

[^2]: Virus from brains was titrated on Vero E6 cells, FFU/brain in brackets, + in PCR, negative for replicating virus, but positive for RT-PCR on DOBV/SAAV S, −, negative for replicating virus and RT-PCR.

[^3]: Reciprocal anti-DOBV N protein-IgG titer. −, Negative at 10× dilution of sample.

[^4]: Neutralizing antibody titer. −, Negative at 20× dilution of sample.

[^5]: Heat-inactivated DOBV, corresponding to 5000 FFU, was administered.

[^6]: † d. 18, 20 or 26, died at day 18, 20 or 26 after infection.

[^7]: S, survived, ND, not determined.

[^8]: Virus from brains was titrated on Vero E6 cells, FFU/brain in brackets, + in PCR, negative for replicating virus, but positive for RT-PCR on DOBV/SAAV S, −, negative for replicating virus and RT-PCR.

[^9]: Reciprocal anti-DOBV N protein-IgG titer. −, Negative at 10× dilution of sample.

[^10]: Neutralizing antibody titer. −, Negative at 20× dilution of sample.

[^11]: Heat-inactivated SAAV, corresponding to 5000 FFU, was administered.

[^12]: Virus from brains was titrated on Vero E6 cells, FFU/brain in brackets.

[^13]: Brain nitrite levels were determined after conversion of nitrate to nitrite.

    S, survived.

[^14]: † d. 18--26, died at days 18--26 after infection.

[^15]: Sacrificed at day 34 after infection.

[^16]: Sacrificed at day 18 after infection.
